Abstract In temperate climates facultative ponds and rock filters (either unaerated or, if ammonia removal is required, aerated) are a low-cost but high-performance treatment system for small rural communities. Effluent quality is suitable for surface water discharge or, in summer, for restricted crop irrigation. In tropical climates anaerobic and facultative ponds and either unaerated rock filters or, if ammonia reduction is required, subsurface horizontal-flow or vertical-flow constructed wetland, can be used if the effluents are discharged to surface waters. However, if the treated wastewater is to be used for crop irrigation, then a 3-log unit pathogen reduction by treatment in anaerobic, facultative and single maturation ponds is required for both restricted and unrestricted irrigation, provided that, in the case of unrestricted irrigation, there are in place posttreatment health-protection control measures that together provide a further 4-log unit pathogen reduction.
Introduction
It is now well established in many countries, both industrialized and developing, that waste stabilization ponds (WSP) are a very suitable method of wastewater treatment for small sewered communities. What is not so well established, despite many years experience in the United States (O'Brien et al., 1973; Swanson and Williamson, 1980; Middlebrooks, 1988 Middlebrooks, , 1995 US EPA, 2002) , is that rock filters are equally suitable for 'polishing' WSP effluents (i.e. to remove algal solids and associated BOD). In contrast, constructed wetlands have been strongly advocated in the United States for this purpose (Kadlec, 2004) .
WSP for small communities are designed in much the same way as those for larger populations. To illustrate this WSP systems are now designed for a typical small community in a temperate climate and for one in a tropical climate, using design temperatures of 8 and 20 8C, respectively.
Temperate climates
A facultative pond loaded at 80 kg BOD per ha per day (i.e., 8 g/m 2 d) would be appropriate (Abis and Mara, 2003) . Assuming a BOD contribution of 40 g per person per day in rural areas (Pujol and Liénard, 1990) , the pond mid-depth area would be 5 m 2 per person.
Such a pond produces an effluent complying with the UWWTD (Abis and Mara, 2003) .
Effluent discharge to surface water
To produce a final effluent with a low suspended solids (SS) concentration (e.g. # 30 mg/l) the facultative pond effluent is best treated in a rock filter. Early work in the US has shown that rock filters are as good as other 'pond polishing' technologies (such as constructed wetlands or intermittent sand filters) but much cheaper (Middlebrooks, 1995 production of #40 mg unfiltered BOD/l and #60 mg SS/l (95-percentile values) (Johnson and Mara, 2005; Mara and Johnson, 2006) . If the environmental regulator specifies a maximum ammonia concentration for the final effluent of 10 mg N/l or less, then the rock filter should be aerated (Johnson and Mara, 2005; Mara and Johnson, 2006) to provide the conditions for ammonia removal by nitrification. At an HLR of 0.3 d 21 and an air flow rate of 20 l/min an aerated rock filter can produce an effluent with ,9 mg BOD/l, ,9 mg SS/l and ,7 mg ammonia-N/l (95-percentile values) throughout the year (Figure 1 ), consistently better than the effluent quality of an unaerated rock filter. Our experience with subsurface horizontal-flow constructed wetlands is that they produce a good quality effluent in summer, but not in winter ( Figure 2 ). The area of both aerated and unaerated rock filters (A rf ) is given by: 
Crop irrigation in summer
The effluent from the aerated rock filter contains , 1000 faecal coliforms (FC) per 100 ml, and often in summer , 100 per 100 ml (Mara and Johnson, 2006) . Thus the effluent would be suitable for restricted crop irrigation as the pathogen reduction, as indicated by this level of FC removal, would be more than the 2 2 3 log units required (WHO, 2006) .
Tropical climates
In this case an anaerobic pond followed by a facultative pond would be generally used. 
Crop irrigation
For agricultural reuse a 2-3 log unit pathogen reduction is required for restricted irrigation and a 6-7 log unit pathogen reduction for unrestricted irrigation (WHO, 2006) . The 2-3 log unit pathogen reduction for restricted irrigation is achieved solely by treatment, but the 6-7 log unit pathogen reduction for unrestricted irrigation is best partially achieved by treatment and partially post-treatment health-protection control measures (the most commonly employed of these are given in Table 1 ).
Restricted irrigation. The reduction of Escherichia coli (used as an indicator for bacterial, viral and protozoan pathogens) occurring in the anaerobic and facultative ponds can be estimated by the equations of Marais (1974) :
where N i and N e are the number of E. coli per 100 ml of the raw wastewater and facultative pond effluent, respectively (N i is taken as 10 7 ); k B(T) , the first-order rate constant for E. coli removal, d
21 ( ¼ 2.6(1.19)
T220
; i.e. 2.6 d 21 for 20 8C); and u A and u F , the mean hydraulic retention time in the anaerobic and facultative pond, respectively, d (here, u A ¼ 1.7 d and u F ¼ 12 d). Thus N e ¼ 6 £ 10 4 per 100 ml. A single 3-d maturation pond would be required to reduce this to 7000 per 100 ml 2 i.e. to achieve a 3-log unit pathogen reduction (as indicated by the E. coli reduction from 10 7 to , 10 4 per 100 ml), so making the effluent safe for restricted irrigation using labour-intensive agriculture (WHO, 2006) . In this case this series of an anaerobic, a facultative and a single maturation pond would be the most cost-effective solution.
Unrestricted irrigation. The 3-log unit pathogen reduction by treatment in the pond series developed for restricted irrigation would also be satisfactory for unrestricted irrigation, provided that there were a combination of post-treatment health protection measures which together gave a 4-log unit pathogen reduction, such that the overall pathogen reduction would be 7 log units. This additional 4-log unit pathogen reduction could be realised by, for example, a 2-log unit reduction due to pathogen die-off and a 2-log unit reduction due to produce disinfection; by the drip irrigation of high-growing crops (4-log unit reduction); or by the drip irrigation of low-growing crops (2-log unit reduction), a 1-log unit reduction due to die-off and a 1-log unit reduction due to produce washing in clean water (Table 1) . Wastewater treatment to achieve a pathogen reduction of . 3 log units would not be cost-effective, especially as low-cost drip irrigation equipment is now available (Polak et al., 1997; Intermediate Technology Consultants, 2003) .
Conclusions † In temperate climates facultative ponds and rock filters (either unaerated or, if ammonia removal is required, aerated) are a low-cost but high-performance treatment system for small rural communities. † In tropical climates a similar system can be used if effluent disposal is to a surface water, although anaerobic ponds would generally be used ahead of the facultative climates, then a 3-log unit pathogen reduction by treatment in a series comprising an anaerobic, a facultative and a single maturation pond is required for both restricted and unrestricted irrigation, provided that, in the case of unrestricted irrigation, there are in place post-treatment health-protection control measures that together provide a further 4-log unit pathogen reduction.
